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Interference between magnetism and surface roughness in coherent soft x-ray scattering
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In coherent soft x-ray scattering from magnetically ordered surfaces there are contributions to the scattering
from the magnetic domains, from the surface roughness, and from the diffraction associated with the pinhole
aperture used as a coherence filter. In the present work, we explore the interplay between these contributions
by analyzing speckle patterns in diffusely scattered x rays from the surface of magnetic thin films. Magnetic
contrast from the surface of antiferromagnetically ordered LaF#é@s is caused by magnetic linear dichro-
ism in resonant x-ray scattering. The samples studied possess two types of domains with their magnetic
orientations perpendicular to each other. By tuning the x-ray energy from one of the tlg iesonant
absorption peaks to the other, the relative amplitudes of the x-ray scattering from the two domains is inverted
which results in speckle pattern changes. A theoretical expression is derived for the intensity correlation
between the speckle patterns with the magnetic contrast inverted and not inverted. The model is found to be in
good agreement with the x-ray-scattering observations and independent measurements of the surface rough-
ness. An analytical expression for the correlation function gives an explicit relation between the change in the
speckle pattern and the roughness, and magnetic and aperture scattering. Changes in the speckle pattern are
shown to arise from beating of magnetic scattering with the roughness scattering and diffraction from the
aperture. The largest effect is found when the surface roughness scatter is comparable in intensity to the
magnetic scatter.
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[. INTRODUCTION tation of the electric-field vector of the incident x rays and
the AFM axis. More specifically, XMLD is the difference in

Thin magnetic films are of considerable scientific interestcross section for x rays polarized perpendicular or parallel to
and are key components in magnetic information storagéhe magnetic moment. In the AFM case the XMLD depends
technology* New applications and improvements in device on the expectation value of the square of the local magnetic
performance rely on a microscopic understanding of thenoment(M?2).>~’
static and dynamic properties of magnetic order in thin films. An image of antiferromagnetic domains on the surface of
Difficulties arise due to the lack of appropriate experimentala LaFeQ thin film as measured using photoelectron emis-
techniques when one tries to image magnetic structures ision microscopyPEEM) and exploiting XMLD is shown in
buried layers under applied field or when trying to observeFig. 1. Two types of domains are present with their respec-
the dynamics of a magnetic structure on submicron lengthive AFM axis perpendicular to each otHehe image
scales. In this paper we explore the use of resonant coheresihows a symmetric domain distribution and an average do-
X-ray scattering as a probe of the magnetic order in antifermain size in the micrometer range. By symmetric we mean
romagnetic thin films. that the statistical properties of the two domains are the

Antiferromagneticd AFM) order is particularly difficult to  same.
study since no net magnetic moment can be detected when While XMLD PEEM is valuable as a real-space imaging
averaging over the unit cell of a solid or surface. Howevertechnique, it has three drawbacks. First, the spatial resolution
an antiferromagnetically ordered Mn monolayer was recentlys limited by the aberrations of the secondary electron imag-
imaged with atomic spatial resolution using spin-polarizeding system rather than by the wavelength of the incident
scanning-tunneling microscopyAntiferromagnetic order in  radiation. Secondly, it is impossible to study the domains in
surfaces can also be imaged by x-ray magnetic linear dichrdhe presence of an applied magnetic field as the secondary
ism (XMLD) spectromicroscopy with lateral size resolution electrons interact with the magnetic field. Finally, due to the
down to 10 nn?* In the latter work, magnetic contrast strong surface sensitivity of techniques based on photoelec-
comes from the fact that the scattering/absorption cross setrons, buried layers cannot be probed. These drawbacks can
tion under resonant excitation depends on the relative orierbe overcome by using x-ray-scattering techniques. For inco-
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FIG. 2. (a) Experimental setup showing the two-pinhole coher-
ence filter and the grazing incidence geomethy.and (c) Defini-
tion of the in-plane and out-of-plane momentum transtgrsq, ,
andq,, respectivelyk; andkg are the incident and exit scattering
vectors. In(b) and(c), the specular direction is also indicated.

tering close to the specularly reflected beam for smooth
samples. In the reflection geometry, both the magnetic scat-
tering and the surface-roughness scattering give rise to
FIG. 1. PEEM image of a LaFeGample showing a symmetric speckles in the diffuse intensity, with coherent illumination.
distribution of antiferromagnetic domairiRef. 4. In this paper we explore the interference between the mag-
netic scattering, the surface-roughness scattering, and the dif-
herent scattering, use of the spectral dependence of the difraction from the exit aperture.
ferent scattering channels in order to separate charge and An expression is derived for the cross correlation between
magnetic scattering has been explored in Ref. 8. A cohererjpeckle patterns obtained at two different resonances at the
soft x-ray scattering experiment which exploits XMLD and Fe{ , edge which have opposite magnetic contrast for the
shows antiferromagnetic contrast is reported in the presenivo different orientation antiferromagnetic domains. This ex-
work. Changes in the speckle pattern associated with thgression provides a quantitative measure of the interference
magnetic order in LaFe{films are observed by tuning the petween the magnetic scattering, the surface-roughness scat-
x-ray energy from one of the peaks in the crystal-field mul-tering, and the diffraction from the pinhole.
tiplet structure at the Fey edge to the other. A speckle  The experimental setup is described in Sec. Il. Coherent
pattern is observed in the far field when coherent radiatiorscattering data is discussed in Sec. Ill. The intensity correla-
scatters from a surface of a medium with a randomly varyingion function taking into account magnetic and surface-
height or refractive index. The resulting pattern is due toroughness scattering and diffraction from the pinhole is de-
interference between waves which undergo various opticaived in Sec. IV. A comparison of the theoretical results with
path differences or phase shifts after being scattered by dithe experimental correlation function is discussed in Sec. V.
ferent parts of the mediuthThe speckle manifests itself as a
modulation in the intensity of the diffuse scattering provided
that the incident radiation is sufficiently coherent. In the
x-ray range experimental speckle investigations became fea- Coherent soft x-ray scattering experiments were per-
sible with the development of undulators at synchrotronformed at the undulator beamline 8.0 of the Advanced Light
radiation sources. Coherent hard x-ray scattering experiSource, using a custom-built ultrahigh-vacuum end station.
ments demonstrated the potential of the technique in a Bragfhe scattering geometry as well as the definition of the mo-
reflection geometry!° Real-space images can be recon-mentum transfers are shown in Fig. 2. The end station con-
structed from x-ray speckle patterlis® Coherent x-ray sists of a double-pinhole coherence filter, sample manipula-
scattering has been used to study magnetic t@erd ob- tor, and a two-dimensiongRD) position sensitive detector
serve fluctuations of magnetic domaifis. for soft x rays consisting of a multichannel plate and resis-
The x-ray scattering from magnetically ordered surfacegive anode. Linearly polarized radiation with the electric-
contains contributions from the surface roughness and frorfield vector perpendicular to the scattering plane entered the
the magnetic order, if the x-ray wavelength is tuned to aend station after being monochromatizex/A\ ~ 2000.
suitable magnetic transition. In addition, the pinhole aperturéieasurements were performed at the two peaks at 708.4 eV
used as a coherence filter in coherent x-ray scattering corand 710.2 eV within the Fe absorption edge of LaFeO
tributes a diffraction pattern, which interferes with the dif- using the third undulator harmonic. Stray light from the first
fuse scattering from the surface of the sample. Diffractiotharmonic was blocked by a Co transmission filter.
from the aperture gives rise to distinct features in coherent In order to perform a coherent scattering experiment, two
experiments. If the aperture is a circular pinhole, Airy ringsconditions need to be fulfilledi) the sample has to be illu-
are present in the scattered intensity and dominate the scafinated by a laterally coherent beam &iigl the maximum

Il. EXPERIMENT
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path-length difference has to be smaller than the longitudinal : 50
coherence lengtht = A2AN~ 3.5 um in our case X @ E/iﬁl\f&xiﬂs ®)
=17.5 A at 710 eV. In a two-pinhole coherence filter with 3
pinholes of diameterB; andP, separated b, condition(i) 010 i A b
is fulfilled if P,<\L/2P;.1%7In our setup, the arrangement '
P,=40 um, P,=5 um, and L=230 mm was used,
which fulfills this condition and produces a laterally coherent
beam behind the second pinhole. The sample is located 30
mm downstream oP,. The incidence angle of 7° results in
an elliptical footprint of the beam on the sample of about
5 pum by 40 um. The grazing incidence geometry enhances
the cross section for the specular and diffuse reflectivities but J Y X
results in smaller momentum transfers which limit the mini- / ‘.
mum spatial resolution that can be studied. With this setup g ! I ! ! ! l
and according to conditiofii), the longitudinal coherence is we e b, T2 706 708 710 712

. . gy (eV) Energy (eV)
sufficient to observe coherent scattering over the whole de-
tector, and maximum momentum tranfers aré pm~* FIG. 3. Calculated soft x-ray reflectivity spectra at 7° incident
and ~100 um™ ! for g, and gy, respectively. The Csl- angle from a LaFe@thin film. The modulus(a) and phaséb) of
coated multichannel plate detector is located 660 mm behinthe reflectivity are shown. Note the presence of two resonances at
the sample and has an active area of 40-mm width anthe Fel; edge and the change in sign of the magnetic contrast
20 mm height. when moving from one resonance to the other. At the resonance

An average coherence length of the incident radiation ofnergies the phase of the reflectivity is identical for both orienta-
~7 wum was determined by fitting the Fraunhofer ring con-tions of the incidenE vector with respect to the AFM axis of the
trast in the experimentdue to scattering from the pinhole domains.

P,) with a calculated Fraunhofer pattern. For this, the mea-

surement was performed without a sample, by placing th@bsorption length at 800 eV was about 200 nm. At the peak
detector in the direct beam. The calculation consisted of thef the absorption resonance the absorption length decreased
convolution of the scatterin¢Airy pattern with the Fourier  to about 25 nm. Thus x rays that are transmitted into the film
transform of the complex coherence facfor. are largely absorbed and the back reflection from the

LaFeG films were grown in an oxide molecular-beam substrate-film interface can be neglected. The modulus and
epitaxy system by means of a block-by-block growth methodbhase of the reflectivity are shown in FigaBand Fig. 3b),
on a SrTiQ (100 substraté:!® The film thickness was 26 respectively. Two crystal-field and angular momentum mul-
nm. The AFM axes of LaFe{films made a 45° angle with tiplet peaks at the Fes edge(708.4 eV and 710.2 eVare
the sample surface, and assumed only two orientationsbserved. A rather large linear dichroism is seen38%),
whose projections on the sample surface were perpendiculavhich changes sign when going from one resonance to the
to each othet. other. At the peak in the absorption resonances, the phase of

The samples were imaged by PEERkEf. 4 and mounted the reflectivity is identical for both orientations of the
with one of the AFM axes oriented in the scattering planeincident-beant vector with respect to the AFM axis of the
The sample position was not changed during the measurelomains[Fig. 3(b)]. The magnetic contribution to the reso-
ments, so that the illuminated area on the sample remainetant x-ray scattering at the peak energies is therefore only
the same. Atomic force microscopy images of the sampledue to changes in the amplitude of the reflectivity between
were taken using a Nanoscope llla from Digital Instrumentsthe domains and not the phase of the reflectivity.

In Fig. 4, an overview of the scattering from a LaReO
surface is shown. The largest intensity is found in the center,
corresponding to the specular direction. For better visibility

The calculated x-ray reflectivity spectra for a single do-of the diffuse scattering.e., outside the specular direction
main, for x rays polarized parallel and perpendicular to thethe colorz scale in the image has been saturated in the vi-
AFM axis, are plotted in Fig. 3. The angle of incidence is 7°.cinity of the specular spot where the intensity is largest.
The imaginary part of the refractive index was obtained fromAround the center, Fraunhofer diffraction rings are visible
absorption spectra measured at near normal incidence kﬁabeled “A"). Irregularities in the laser-drilled pinhole result
PEEM on single domaifisvhile the real part was calculated in intensity streaks radiating from the central peak. Diffuse
via a Kramers-Kronig transformation. Any dependence ofscattering from the surface roughness and the AFM domains
the optical properties on the angle of the incident beam witlis observed in the regions outside the Fraunhofer rings and
respect to the surface normal was ignof®ivith the film  extends at a constarg=(gZ+ qf,)”2 to form ellipses as
thickness at 26 nm, the path length inside the material for ashown in the figure. The elliptical shape of the constant
x-ray beam reflected from the substrate-film interface and atontours is related to the grazing incidence geometry of the
the incidence angle of 7° was 426 nm. This neglected thexperiment. Black spots on the image correspond to dead
refraction of the x rays at the film-air interface, which would areas on the Csl-coated multichannel plate detgtabeled
further increase the path length. The nonresonant x-ray*B” ). The near horizontal lin¢labeled “C”) in the lower
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120 The correlation factor is O when the images being compared
are uncorrelated, 1 when they are perfectly correlated, and
1o —1 when they are perfectly anticorrelated. The subtraction

of the mean valuesM, N) and the normalization in the
definition of Eq.(1) permit a direct comparison of position
and shape of the speckles, thus canceling the effects of vary-
ing total intensity between images and of finite coherence
length of the incident radiatiofteduced image contrasOb-
viously, maximum coherence length is desirable in order to
i get large speckle contrast in the experiment and therefore
= maximize the signal-to-noise ratio and minimize the uncer-
tainty in the calculation ofy®*P.
Roughness and magnetic scattering both create speckle.
Moreover they interfere with each other in the regiongof
where they have comparable contributions to the scattered
FIG. 4. (Color) Overview of the 2D intensity distribution of the intensity. Furthermore, depending on the size of illumination,
scattered x rays at 710.2 eV from a Lakeurface. The lineaz  the pinhole diffractior(Fraunhofer ringsalso interferes with
false color scale has been purposely saturated in the center. THBe roughness and magnetic scattering. This is particularly
inset is an expanded view of the speckle dominated region as indwell illustrated in Fig. 4 where no speckle is seen in tfje
cated by the rectangular box. See text for details. direction due to dominant pinhole scattering but both pinhole
and speckle scattering are seen in thedirection. At 7°
part of the figure is due to the beam footprint intercepting thencident angle, the illumination length is asymptotically eight
edge of the sample. Note that Fraunhofer rings are nofimes shorter in the than in thex direction.
present below this line while diffuse scattering is still ob-  In order to study the interference of the pinhole diffraction
served. The inset in Fig. 4 is an expanded view of a regiorand the magnetic and roughness scattering, we derive a the-
away from the Fraunhofer rings as indicated by the rectaneretical expression for the intensity correlation function
gular box in Fig. 4. The inset shows speckle due to scatteringshen the relative reflectivity of the magnetic domains is in-
from the rough surface and from the antiferromagnetic doverted. Inversion occurs for resonant scattering when there is
mains. The sizes of the speckle and the spacing between the90° rotation of the sample or the incident energy is moved
Fraunhofer rings are solely determined by the wavelength ofrom one of the absorption resonances at thdFedge to
the radiation used, and by the size of the coherently illumithe other. We denote the complex scattered amplitude and the
nated area. Specklgdiffuse) scattering dominates over scattered intensity from the sample By.(q) and|.(q),
Fraunhofer diffraction at highy, since the illumination is  respectively. The momentum transfer is defined as follows:
larger than the typical length scale of the surface roughness
and of the magnetic domains. K=k;—ko, 2
Speckle pattern changes were observed when changing
the photon energy from one of the two peaks of theLge- Wherek, andk; are the ingoing and outgoing wave vectors,
edge(708.4 eV or 710.2 eV'to the other. The changes are respectivelyK is split into its components perpendiculgy
only due to magnetic contrast since a 0.25% change in thand parallelg=(qy,q,) to the surface.
photon wavelength does not significantly change the rough- In order to take the scattering from the magnetic domains
ness scattering contribution to the speckle pattern. This wai§to account, we introduce a scattering amplitude factor at
independently verified by comparing off-resonance data foresonanceC(x)exp(i ¢)[ 1+ m(x)] whereC(x) is the prod-

=

q (e )

[ TRy AT EATR |

-fil} - =20 u 20 4 )]
i pm )

similar small variations in photon energy. uct of the aperture function and the modulus of the magnetic
scattering amplitude averaged over the two types of domains,
IV. MAGNETIC INTENSITY CORRELATION FUNCTION ¢ is the phase of the scattering amplitudee phase is the

same for the two domains at the resonances and can therefore
In order to quantify the change in the speckle pattern withhe factored oyt and m(x) is dimensionless and describes
a change in energy, a normalized correlation fagtt® was  the variation in the modulus of the scattering factor due to
calculated. For two scattering images covering a giy®ox  the magnetic domains. The sample roughness is described by
and represented by the data matribég, andNp, measured  h(x) which denotes the difference in height between the
at the incident photon energids; and Ej, this figure of  mean sample height and the height at the lateral coordinate

merit is defined as Since the 5um pinhole is close to the samp({80 mm we
neglect the Fresnel fringes and assume the illumination is
> (M= M) (Npe— N uniform over an elliptical area. In the Born approximation
h,k and the Fraunhofer limit of scattering, the speckle amplitude

’)’EXp(El Ez)=

is written as the 2D Fourier transform:

\/E (Mp=Mp) 2 (Npe— Nipg)?
hok hok

) A.(q)= f C(x)e'[1=m(x)]e'9"Weldxdx,  (3)
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where x=(x,y). The scattered intensity is given by (q) 10°
=|A.(qg)|%. We introduce the following notation:
0 L Pa) J
AAL(g)=A.(q)—Ax(q) 4
2102t P@ — .
and % R(q) Size of g-box
Keo)
Al (@) =1+(a)—(l=(a)), ® <
= -4| i
where §‘°
S
Ao (@) =(A-(Q)) (6)
with () indicating an average over surface roughness anc 107
magnetic domain distributions. One must consider ensemble : : : ] :
averages in order to derive an analytical expression depenc ! 2 q (u3m_1) # 5 6
X

ing on the statistical properties of the particular surfazg.,
root mean squar@gms) roughness, average size of magnetic  F|G. 5. Average intensity of pinhole scattering as a function of
domains, etd.and not of the particular configuration of the q,. A circular pinhole of radiuR=2.5 um illuminates a flat sur-
surface. face at grazing incidencé=7°. See text for details.

Ensemble averages ) still result in oscillations of the
scattered intensity arising from the deterministic contributionwhereP,, is the peak intensity and, is the Bessel function
of the aperture to the overall scatterifige pinhole gives rise  of the first kind, order one. In the followind?(q) will be
to a characteristic Fraunhofer patterin the experimental referred to as pinhole scattering. In the asymptotic form, one
calculation of the intensity correlation given by Ed), ap- ha<?
erture oscillations are smoothed out since the calculation is
summed ovelg space. They box over which averaging is 2
performed typically covers four Fraunhofer rings. Therefore, Ji(X)~\/ HCOS(
in order to assure correspondence between theoretical and
experimental calculations of the correlation, we introduce awvhich leads to
“smoothing operator’ |, which smoothes out aperture os-
cillations by performing averages inggbox. The normalized 8P, 3
magnetic intensity correlation function is then defined in the P(a)~ 30052( qR—ZTF)
following way: 7(aR)

"3

T, (10

4P 1 co§2(qR— 2 m)]
@)= e DD ™) B [P 1 o
AT (@AIIAT (%)
in the asymptotic limit. Note that averaging the second term
where over a few rings should yield a number close to zero. Thus,
Al (q)=1-(q)—[(I ()] (8) 4P,

R(a) (12

T3
It is important to note that the definition of(q) sup- m(aR)

presses the effects of partial coherence. Partial coherenge 5 very good estimate ¢P(q)| away from the first few
leads to decreasing contrast in the speckle pattern. It resulgtfraction rings.

in the decrease af 'l .(q) by a factora>1. However, since | p(q)| is plotted in Fig. 5 for a circular pinhole of radius
both the numerator and denominator in EJ) contain R—=»o g um and at a grazing incidence geometry
A'l.(0g), a cancels out and/(q) values stay unchanged.  — 7o [P(q) is averaged over @ box extending through

To better understand the application of the opertdr  gpout four rings as shown on the graplt is seen that

we first consider the case of reflection from a flat surfac§p(q)| agrees very well witiR(q) after the first few diffrac-

on the sample at an angle (with respect to the sample

surface, the illumination forms an ellipse with the elongated 2 3
axis in the scattering direction given I®=R,/sin(6). The P(q)%~ 16Pg| 3 + 2 COS[Z@RG )]
resulting diffraction patterialong theq, direction is** w2 [ 2(qR)® (aR)
3
23:(qR)]? cos[4@R~— 7 m)]
—p.—" + . 13
P()=Po —yr | - ©) 2(qR° (13
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Note that after averaging the above expression, the last twm the following, an explicit expression for the above equa-
terms may be ignored according to the argument giverion is derived.

above. Thus we have Equation(21) can be expressed, using HS),
3[ ap, 1 3 :< (6~ )
[P(a)?]~ > (AR =§R(q)2 (14) I's 5(q) J' f dx1dx,C(X1) C(xp)€
and X[1+m(x)][1Em(xp)]
LA"P(a)?|=P(9)?]-|P(a) >~ zR(q)% (15) xe‘qz[h(xﬁ“(XZ’]eiq'(xlx2)>- (25)

Let us now return to the derivation of the normalized mag-At resonance, the phases{) does not depend on the mag-
netic intensity correlation function. For a symmetric mag- ' phase P 9

: C T tic state as stated earlier, therefore it does not depergd on
netic domain distribution{A’1 2=(A"1_(q)?), thus ne - . :
AT (@)% = (@7 and x,. Furthermore, since we are only interested in

, ' IT(+.+y(@)|? in the calculation of Eq(24), the phase ¢
)= [(A"T (a)A |;(Q)>J (16)  —¢-) isignored in the rest of the derivation. Roughness and
(AT (a)9)] magnetization are assumed to vary independently, thus the

since both types of domains contribute equally. The symmet@nsemble averages may be taken separa_tely for the rO.Uth.eSS
ric assumption is used for simplicity in the derivations, how-a'.f]bd mggf?etm tgrms. L]gnde]rc the ﬁs_suhmptlog ?jf ]E;ahl;ssmn dis-
ever, the results can be trivially extended to the asymmetri'oUte ﬁcuéﬂt'ons of surlace height, and deliniNg: X,

case. Combining Eq$5) and (8), we obtain ~ Xz, We hav

Al ir(q):AI t(Q)‘l‘,B(Q), (17) <eiqZ[h(Xl)_h(X2)]>:e_qZUZ[l_Ph(X)], (26)
where where o is the rms roughness ang,(X) is the normalized
autocorrelation function of the surface height. Assuming a
B(a)={1(aq))—1{1(q))]. (18 self-affined surface of fractal dimensidd=3—h, with a

finite cutoff length for the roughnes,, pn(X) takes the

.25,26

Noting thatB(q) is statistically constantalready ensemble following form

averageyl we get from Eqs(16) and (18)
h
(X):e—(xufh)z . (27)
(AL (@A ()I+1B(a)?) o o
y(a)= Al 2 Y (19 such an autocorrelation function is consistent with the power
(AL (@S 1+18(a)7] spectral density of our sample surface as measured by atomic

In Ref. 23, Pederson derived an expression for the specfprlcze mlcroscop%/,. as dlscuts_se(;j belpw(.jl tributi
tral speckle correlation. His derivation is extended in the or a symmetric magnetic domain distrioution,

Appendix to the case of magnetic intensity correlation and it 1+ m(x) 1L+ m(x
is demonstrated that regardless of the sample roughness or (L () I[1=mO) )
magnetic contrast the following relation is valid at =1+(m(x)M(xx))=1*c2pn(X), (28

> /2L whereL is the illumination length: ) _ ) ) )
where p,(X) is the normalized magnetic scattering ampli-

<A|+(Q)A|:(Q)>=|F(+,¢)(Q)|2—|T?+,i)(Q)|2, (200  tude autocorrelation function and,= \./<nf|2> is the rms
magnetic scattering amplitude. Substituting E¢&6) and

where (28) into Eq. (25), we obtain for the amplitude correlation
" function
F(+,i)(Q):<A+(Q)A1(Q)> (21
and v, y(a)
2 2 .

Ty y(@=A% (@) (AL (9))*. (22) —e f 0c(X) (L 02 pm(X))e%z” PHNeia XX,
The advantage of E(20) is that it expresses intensity cor- (29)
relation functions in terms of amplitude correlation func-
tions, which are easier to evaluate. Note also that where

(@)=L (@=L (). (23 QC(X)=f C(X)C(x+ X)dx. (30)

Finally, using Egs(19) and (20), we get ) ) ) o
Note that by takingR=|X| and assuming a circular illumi-

r,. 2_ 1o 214 2 nation spot on the sample, one may change the variables into
Y(Q)IH S )(Q)|2 | ff' )(q)|2J [B(q)zj (24)  polar coordinates, thus expressing HQ9) as theone
LT o (@ =T (@] ?]+18(a)?] dimensional integral

235421-6
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— A—Q0? 4 2 21 2
Livsy(ag)=e 0:(R)(1xofpn(R)) [B(a) J=§R(Q) , (40
% eQ§”2Ph(R)JO(q R)RdR (31) where
where q=[qg+q7|"? and J, is the Bessel function of the 4P,
zeroth kind. However, this equation does not hold generally, R(a)= 7(qR)® (41)

as the beam input is typically not circular at the surface due
to grazing incidence, and therefore integration must be peow, combining Eqs(3) and (6) and assuming a Gaussian
formed separately in both dimensions. Continuing on withdistributed roughness and a symmetric magnetic domain dis-

Eq. (29, tribution, we have
— 0502 T 52 a2a2pn(X) 0 i9,h(X0\ aid-
L my(a)=e %7 Fle(X)[ 1= ampm(X)]e 2 A%(g)= | COX)(1+m(x))(e"9"M)eld*dx
whereFy{ } indicates a Fourier transform. Using the convo-
lution theorem, we obtain :e—qilﬁ/zf C(x)eixdx, (42)
L)@ which, using Eq(22), leads to
2 2 2 2
=e %7 XM Fo{(1+ 02 ppm( X))e927 P} — 202 — 202
ot QL Zat (1 7mpn(30) BTl (@=T Ly (@=le T RE(C0)P=e P ),
(32 (43
where the asterisk denotes a convolution. It can be rewrittelhere the convolution theorem was used. Combining Egs.
in the form (24), (34), (40), and(43), we obtain for the magnetic inten-

sity correlation function
) 2 5
Lo oy(@) =6 %7 Ff 0c ) [ Fof 1} + Fof e P - 1}

M_+ 3 R(@)? 4
2 2 -
- 2 F ol o X) &% P00} (39 = TR@?
The illumination functiong.(X) is very wide compared to where
pr(X) andpm(X). Therefore, F4{0(X)} behaves as a delta
function when applied to the second and third terms in the M. =|(P(q)+H(q) =M(a)*~P(q)?]
bracket expansion of E¢33). It thus follows that
xpansion of E433). It thus follow =1(2P(q)+ H(Q) = M(q)(H(9) = M(Q))]
2
1ﬂ<+,¢)(q)=e‘QZ‘TZ[F’(Q)+H(Q)il\/l(q)], (34) =(2R(q)+H(g)=M(@)(H(q)=M(q)), (49
where and where we have used the fact that the effect of the
“smoothing operator”| | on the magnetic and roughness
P(a)=Fqle(X)}, (350  terms is negligible. Indeed, these terms are ensemble aver-
aged and do not exhibit short-range oscillations. Combining
H(q)=F {eqﬁa%h(X)_ 1, (36) Egs. (4_14) and(45), we get the final result for the magnetic
a intensity correlation function:
2 2
M(Q) = o5 Fof pm( X) €927 P} 37) (R(Q)+H(q)—M(q))2— 2 R(q)2+ 72
= , (46
Note that sinceg (X), pm(X), and pp(X) are symmetric, "a (R(Q)+H(q)+M(q))*— : R(q)%+ 7° 48

P(q), M(q), andH(q) are real valued.
We can now derive an expression fofq)| recalling that ~ Where we recall that
the pinhole component of the scatteriffq) must be re-
placed by an averaged versidn(q) | in order to remove the R(q)= 4Po (47)
deterministic aperture oscillations. Singq) andH(q) are w(qR)3'

ensemble-averaged functions, they do not exhibit oscilla- ) ) )
tions. It follows, combining Eqs(23) and (34), that and wherey is a background noise term. Background noise
comes from the dark counts in the scattering experiment.

Co?
[I(@)]=e %{P(@)]+H(@+M(q)}. (39 V. COMPARISON OF ANALYTICAL

Recalling Eq.(18), we get AND EXPERIMENTAL RESULTS
_ AV We first make the following observation: it is clear from
=P(q)—|P(q)]=A"P 39 9
Al@=Pla)-IP(Q)] (@ 39 Eq. (46) that the correlation functior(q) upon inverting the
from which, using Eq(15), we obtain magnetic domain amplitude would be unity if the pinhole
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(b) A

X

>
»

Correlation v (q)

FIG. 6. Schematic of the 1D scattering amplitu@e from ran-
dom magnetic domains with a finite illumination region. Inverting
the scattering amplitude of the magnetic doméfnem (a) to (b)] is
equivalent to first inverting the total scattering amplitude and then
adding two times the aperture function.

o
T

and roughness scatter terms were zgR§q)=H(q)=0]. %0 10 20 90 40 50
The importance of the pinhole and roughness scatter can b. q (wm™)
understood_ using the sch_emgtic shown in Fig: 6. Surface g 7. Comparison of**(q) (circles on solid ling calculated
roughness is not included in this example. Inverting the scatfom simulated data according to E) with the theoreticaly(q)
tering amplitude of the magnetic domains can be mathemat(«so“d line) calculated according to E¢46). 1D case.
cally thought of as first inverting the total scattering ampli-
tude and then adding two times the aperture functi®ig.  close to the specular peathe pinhole scattering dominates
6). In general the scattered intensity is insensitive to a congn(g y(q)~1. In the higher limit (i.e., atq~q,, whereq,,
stant phase offset of the scattering object, therefore thg equal to 2r divided by the size of the domainthe ratio
speckle will not change when the magnetic contrast is inof pinhole to magnetic scattering decreases and beating re-
verted in an infinite sample. The situation is different for gyjts in the lowering of the correlation function. In this
a f|n|te Sample as ShOWn in F|g 6. In th|S case When thQange uncorre|ated Speck|e patterns are Obsqry@w,vo]
magnetic contrast is inverted, the overall effect on the objechg q increases beyond,, the magnetic scatter decreases
cannot be simply described by a phase change, since thgster than the pinhole scatter causing the correlation func-
aperture function does not invert. Similarly surface-tjgn to approach unity at high.
roughness scattering will also remain unaffected by magnetic The quantitative differences exhibited between the two
contrast inversion. Therefore for a finite sample with a roughyrves are due to the fact that for the calculation of the simu-
surface, the interference between the magnetic scattering angted ¥¥*®(q) only one particular sample has been consid-
the aperture and roughness scattering will produce an overaélred, whereas in the calculation of the theoretigld), the
phange in the speckle pattern when the magnetic contrast é%(pression\/l(q) is found by performing an ensemble aver-
inverted. _ _ age over an infinite number of magnetic domain distribu-
In order to validate the analytical feSl[EQ- (_46)], We€  tions. This can be directly traced back to definitions of Eq.
perform a 1D simulation of the correlation functigtiq) for (1) and Eq.(7), where the latter involves taking both an
a smooth sample with a random magnetic pattern. The pi”average over a range and an ensemble average. An en-
hole diameter is set equal to 3m, the illumination direc-  semple average is included in the definition of E@) in
tion is taken to be normal to the surfa@e., §=90°), and @  grder to derive a result that does not depend on a particular
relative magnetic scattering amplitudg,=0.04 is assumed.  syrface. The simulated and theoretical curves clearly capture
Magnetic domains are artificially created by binning sums ofthe important feature of the correlation function, namely, it is
Gaussian funCtionS |Ocated randomly onalD g“d The fullsma” in a region of reciproca' Space in Wh|Ch the interfer-
W|dth at half maXimum Of the Gaussian fUnCtionS iS aboutence between the Scattering from the magnetic domains and
0.15 um. Correlationg y***(q) ] of the simulated scattering the diffraction from the pinhole are maximized.
data are calculated according to the definition of @g. The The analytical correlation functiofiEq. (46)] does not
q box over which averaging is performed is 1/8n*. The  ajlow for large negative values of the correlation since both
simulated correlation functiory®*¥(q) is compared to the R(q) andM(q) are greater than zero. The minimum value of
theoretical c-alculgtion_of/(q) obtgined using.Eq.46).. Since y can be easily calculated:yy,,=(1-v2)/(1+2)
the scattering is simulated in one dimensioR(d)  —_0.17. The overall scattering is modulated by the deter-
=Py/2(qR)? is used. The magnetic domain autocorrelationministic scattering from the aperture. Therefore, the calcula-
function pm(X) is taken to bep,(X)=e~ *ém” with the  tion of the correlation according to E¢L) where aq box
parameteré,,=0.115 um obtained by fittingo,(X) to the  covering several diffraction rings is considered results in
simulated autocorrelation function. mostly positive correlations.
The results are shown in Fig. 7. The simulated and theo- In the remainder of this section, the 2D case and the ac-
retical curves are in good agreement. At snoggMalues(i.e.,  tual experimental conditions are considered. The autocorre-
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FIG. 9. Experimental correlationg®*P versus momentum trans-

FIG. 8. Experimental power spectral densi§SD from the  fer g. Solid circles are experimental datg?*XE,,E;), for mea-
surface roughnessop) and from the magnetic domain distribution surements performed at the same energy but different times,
(bottom). Data has been offset vertically for clarity. The solid lines whereas trianglesy®*”(E, ,E;), are for data measured at the two
are theoretical PSD’s calculated using exponential correlation funcresonancesH; =708.4 eV,E,=710.2 eV).
tions[Eq. (27)].

correlation reaches 0.1 gt~5 um™ ! which indicates that
lation functions of the surface roughness and of the magnetigpise dominates the scattering in thisrange. Noise is
domains were determined using independent experimentgyainly due to low statistics in the diffuse scattering at high
The sample was measured by atomic force microscopy withowever in the evaluation of correlations small changes in
image sizes up to 4040 um. Parameters for the autocor- the jlluminated area may also play a role. The correlations
relation functionp, were obtained by fitting the Fourier yexpg, E.,) are almost always lower thayf*P(E,,E,) due
transform ofp, with the power spectral densi(f’SD) cal-  to changes in the speckle patterns when inverting the mag-
culated from the atomic force microscopy data. An identicalnetic contrastby tuning the energy fronk, to E,).
procedure was followed for the autocorrelation function of  The experimental values of the correlation are compared

the magnetic domainsy, using PEEM images. Power spec- in Fig. 10 to theoretical predictions according to E46).
tral densities are shown in Fig. 8 together with the fittedrather than plotting/®*P, the ratio

curves. Experimental data are shown in Fig. 8 for two direc-

tions on the sample at 90° from each other. The PSD’s are exp__ex ox

found to be isotropic. The surface roughness is well de- = YO NEL B v NE; E) (48
scribed down to about lum™! using a cutoff lengtrg,, of

0.55 pwm and a roughness expondnt=0.5. The rms rough-  of the v**P values is plotted. This normalized correlation is
nesso is about 0.3 nm. The magnetic domains are wellsimilar to the correlation of images from which the statistical
described using a cutoff length, of 0.325 um and an ex- noise had been subtracted. By statistical noise we mean the

ponenth,,=0.85. The rms of the magnetic amplituds,, shot noise in the measurement of intensities. We assume that
assuming a 38% change in reflectivity for both domain ori-the added noise has a zero mean. The correlatfgRihas a
entations, is about 0.080%, is dimensionless The well-  minimum at aroundg=4 um~! and approaches unity at

defined corner in the PSD of the magnetic domains followechigh g. The solid line in Fig. 10 is the theoretical curMgq.
by a sharp decay~<q~>") indicates that the domains have a (46)] using the parameters for the autocorrelation functions
well-defined length scale of about 0.65m (2X¢&,,). as obtained by fitting the power spectral densitieg. 8).
Experimental values of the correlation as a functiomqof The dashed line is a theoretical prediction using the same
as calculated according to E(L) are shown in Fig. 9. We parameters as for the solid line but with the addition of the
calculatedy®*P for image areas ofAq,~0.8 ,u,m‘1><Aqy background noise term in E46). Background noise, which
~5.2 um~tin size and for measurements performed eithethas a constant value ig, is assumed to be comparable in
at the same energy but at different timg&P(E,,E,) or at intensity to the roughness scattercgt5 wm™ 1. The theo-
different energies and different times**(E,,E,) (E; retical prediction for the correlation using the experimentally
=708.4 eV ande,=710.2 eV). The correlation data show determined surface roughness and magnetic scattering pa-
a similar trend and decrease with increasipg his trend is  rameters is in good agreement with the experimental results
due to the relative increase in noiéghich is uncorrelated if the background noise is taken into account. Noise and
between measuremepta the images with increasingg The  background dominated spectra at higjhesults in high val-
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FIG. 10. Correlationy versus momentum transfeg. Solid FIG. 11. Momentum-transfe dependence of the three terms

circles are experimental datg® calculated according to E¢48). ; :
The solid and dashed lines are theoretical predictipfty accord- ?;ecstﬁ)nr;[ Ilan( E)qi(gea)llgs(ql)olttgécg(, e;nii'\ﬁg)?)lhg\l/qvi zgin; ofer:rd if_
ing to atomic force microscopy and PEEM data. Good agreementr d P g -

with the experimental data is obtained by taking the backgroundSlnce the oscillations cannot be resolved at fggn a logarithmic

L . Scale.
noise into accountdashed ling

ues of the normalized correlation and in a shift of the corre—decrease of the ms amplitude of the magnetic scattering
lation minimum to lowerg values. (o) and/or the increase of rms roughness) (lead to a

The shape of the correlation function versgiscan be §ma||er dip in the co_rrelatio@_Figs_. 12b) and 12d)]. _The_
understood by comparing the three terRiy), H(q), and increase oh, results in the widening of the correlation dip
M(q) of Eq. (46). Such a comparison is done in Fig. 11 [Fig. 12c)]. The faster the decay of the_roughnt_ass tefrm)
where the fitted parameters are used. At smathe pinhole &t largeq, the longer theg range at which beating with the
scattering R(q)] dominates and the correlation is unity. As Magnetic scattei (q) is significant. The width of the corre-

g increases, roughness scatteritig) becomes increasingly lation dip is largest alt, = h,,=0.85[see Fig. 1&)]. A simi-
important and eventually dominates. Since the momenturir explanation applies for the change in width of the corre-
decay at largeg of the pinhole and roughness scattering islation dip in Fig. 12a). At larger £, the beating is
similar (~q~?%), roughness scattering dominates the entirgmaximized atq where the decay of the roughness term is
high g range. The magnetic scattering(q) is less intense slower[close to the corner dfl(q)] which leads to a smaller
than the roughness scattering over all of theange. It is  width of the correlation dip. The rms roughness is found to
closest toH(q) atq,,~6.5 uwm™ ! which corresponds to the have a large influence on the correlation. Given the magnetic
magnetic domain length scalsharp corner irM(q)]. The  contrast of the present experiment, very litle magnetic con-
correlation is the lowest aroungl, (solid line in Fig. 10  trast would be measurable if the surface roughness were 1
where the interference between the roughness and the magm and abovéthe rms roughness of our sample is 0.3)nm
netic scattering is at a maximum. With increasimpghe cor-  From E@s.(36) and (37) and assuming comparable cutoff
relation slowly increases to 1 as the roughness scatteringngths ¢ and autocorrelation exponents it appears that
dominates due to its slower decay than the magnetic scatteszo? needs to be comparable ¢d, in order to maximize the
ing at highq (the latter decays as q 3. beating betweer (q) andM(q). In the present experiment,

The theoretical correlation factay(q) is plotted in Fig. qgg'z is about 0.069 Whereasﬁ1 is 0.0064. A decrease of the
12 for different magnetic domain length scalég [Fig.  rms roughness by a factor of 3, to 0.1 rfoitrasmooth sur-
12(a)], rms amplitude of the magnetic contrast, [Fig.  face, would result in the maximum beating and to correla-
12(b)], roughness exponef;, [Fig. 12c)], and rms rough- tion values as low as zero arougg . The same result would
nesso [Fig. 12d)]. The parameter§,,, o, h, ando range  be achieved by decreasing the incident angle to a very small
from 0.4 to 1.2 um, and 0.02 to 0.12, 0.3 to 0.85 and 0.1 to grazing angle, however the latter decrease is limited by the
0.6 nm, respectively. All other parameters are kept constarghysical dimension of the detector and the momentum range
and identical to the fitted parameter§,&0.325 um, o,  that needs to be explored. In the case of a perfectly smooth
=0.08, h,=0.85, &,=0.55 um, ¢=0.3 nm, and h, surface, beating occurs between the magnetic and the pinhole
=0.5). As one would expect, the increase&f brings the  scattering. Minima in the correlation are found at the cross-
correlation minimum to loweq values[Fig. 12a)], and the  over points between the two scattering terms. Higher corre-
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PHYSICAL REVIEW B5 235421

lation values are found away from the crossovers where one
of the terms dominates the scattering.

VI. CONCLUSION

We have shown that resonant coherent x-ray scattering is
sensitive to antiferromagnetic domain distributions on sur-
faces due to the x-ray magnetic linear dichroism effect, as
long as the surface roughness is very small. Surface-
roughness scattering and the x rays diffracted from a pinhole
coherence filter interfere with the magnetic scattering. This
interference offers, in principle, a method for increasing the
sensitivity of the x-ray speckle to magnetic phenomena
through the beating of a small magnetic term with the larger
diffracted intensity from a pinhole coherence filter, for ex-
ample. This might be of particular interest in dynamic x-ray
scattering experiment§ where only the fluctuations of indi-
vidual speckles are recorded as the dynamics of the system is
studied. Especially at high-momentum transfer, such experi-
ments are typically signal limited and additional intensity
due to a properly “designed” beating may be welcome.

A mathematical expression was developed for the corre-
lation between speckle patterns for two identical magnetic
domain distributions but with inverted magnetic scattering
contrast. Theoretical predictions were compared with experi-
mental results on LaFeQ Good agreement was found if
background noise, which dominates at high-momentum
transfer, is taken into account.

It is found that changes in the speckle pattern upon invert-
ing the scattering amplitude of the magnetic domd(ios
example, by tuning the x-ray enengsre due to beating of
the pinhole and roughness scattering with the magnetic scat-
tering. The largest effect is found when the surface-
roughness scatter is comparable in intensity to the magnetic
scatter. A detailed understanding of the interplay of the dif-
ferent magnetic and nonmagnetic contributions to the coher-
ent scattering will be important for future experiments at-
tempting a reconstruction of the real-space magnetic domain
patterns.

Resonant soft x-ray speckle is a promising tool for study-
ing nanoscale magnetically ordered surfaces and films. It
provides information on the structure of the magnetic do-
mains and their time dependence with a spatial and temporal
resolution that is limited by the wavelength of the x rays and
the x-ray brightness. Unlike electron-based techniques it is
insensitive to external magnetic fields, and can probe buried
layers.
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APPENDIX SIMPLIFICATION 30 1
OF INTENSITY CORRELATION ®)
Pedersoft has shown for the case of spectral speckle cor- 29
relation in polychromatic speckle patterns that the intensity 05
correlation may be conveniently expressed in terms of theZ =y
amplitude correlation. An identical relation is derived here in §, 10 5
a more elaborate manner and is shown to be applicable to th_g g
case of magnetic intensity correlation in the region where 0
gL>m/2 (L is the size of the sampleregardless of the 0
sample roughness or magnetic contrast. The scattered intet
sity is given by o o5
20 -10 0 10 20 -0.5 0 05
() =|A ()2, (A1) real real
whereA.(q), the complex scattered amplitude, consists of FIG. 13. (a) Pinhole andb) magnetic contributions from points
two parts: on an 80-pixel 1D surface, containing 20 randomly generated mag-
netic domains, at a point on the detector wheyé=5.6
Ai(q)zAg(q)JrAAi(q), (A2) >m/2 (lm,|=20%). Circular Gaussian nature of the magnetic

0 . . contribution is observed.
where A% (q)=(A.(q)) is the mean scattered amplitude

with () denoting an ensemble average over surface roughyhereL is the size of the sample, and}, is as defined in Eq.
ness and magnetic domain distributions, whé\. is a (3). It follows that

fluctuating amplitude component with zero mean. Taking

I .=1.(q), the intensity may now be written

N
AAL(q)==* D, m,ed-("N) A8
o= AL 2= A% + AALP=19 +19 + 2 Re(AD)* AALY, (== 2 m, (A8)
(A3)
e 012 d ) Figure 13a) shows the result of adding the Fourier phase
where we have definetl. =|A%[* and IZ=|AA.[%. The  4iaL("N) contributions as ranges from 1 to\.

mean value is It is clear that agjL reaches and exceeds a quarter of a
full rotation (i.e., 7/2), the pinhole contribution begins to be

_10 d
(o) =15 +(1%) (Ad) in both the imaginary and real directions. Figuréi3hows
and the fluctuating part is the corresponding magnetic contribution to the diffracted
amplitude, given by Eq(A8). In the simulations, domains
Al.=Al i +2 Re{(Ag)*AAI}. (A5) are generated randomly and they are such that as one moves

from one to another, the contributiom, changes sign

The intensity correlation becomes (Jm,|=20%). The figure captures the random-walk nature of

(AIL Al ¢>Z<A|1A|i>+<4 Re{(Ag)*AAQ AA.(q) in both the _real _and imaginary direction_s.
It must be kept in mind that we are assuming that the
XRe[(A2)*AAL D +2 RE(AIT(AY)*AA. number of magnetic domains in the area of illumination is
40 large, enabling us to make use of the central limit theorem.
+AIL(AT)*AAL)}. (A6)  In regionsqlL> m/2, therefore, AA.(q) will be circularly

) o o Gaussian distributed over an ensemble of surfaces even
We are interested in investigating whethed . , over an though the pinhole ContributiOEE:1eiqL(k/N) may still be

ensemble of input surface roughness and magnetic distribys,hietely dominant. On the contrary, this statement would
tions, exhibits an independent Gaussian distribution of it§), ntrue forA (q) when pinhole scattering, which cer-

real and imaginary components with common variance anghjn|y does not follow Gaussian statistics, is dominant. Note
zero mearii.e., circular Gaussian statistjcNote that in the also that the first diffraction minimum occurs at.= 27
literature, it is typically desired foA. (not AA.) t0 0bey  yarefore it is correct to assume thié. has independent

circular Gaussian statist®swhich requires much stronger Gaussian distributed real and imaginary parts with common

qonstramts than in the prgsent_case. For ease of d.emantR?ériance and zero mean beyond the central diffraction ring.
tion, the roughness is omitted in the rest of the derivations, Under the assumption of circular Gaussian statistics for

however, results are easily extendable to the case of rouglh, general random variabl&andC, we have the follow-
samples. Assuming that the detector at each point receivqﬁg two propertie€’ '

contributions fromN points on a 1D surfaceequally illumi-

nated by the pinho)e the scattered amplitude can be ex- _
pressed as a 1D discrete Fourier transform: (Re(BIREC}) = (Im{B}Im{C}) (A9)

and

N
A.(q)= 1+ m,ed-("\)) A7
=(0)= 2, (T mye ) @7 (BIICI2=(IBI(|CI)+|(BC).  (A10)
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We now make the observati_on that ;he last term in B®) I‘?+’i)=<AA+AA’_*_P) (A14)
contributes zero because it contains only odd powers of
AA. . It also follows from Eq.(A9) that of the fluctuating component of the scattered amplitude.

Upon the introduction of two other correlation functions
Re[(AA, (AAL)*)}=2(Re[AA, }Re[AA.}). 0 o o
(A11) I =AYLAY)*, (A15)
Therefore, Eq(A6) may be simplified to the form
Q(AG) may P F(+,:):<A+A§>:F(()+,:)+F?+,:) (A16)

— d d 0\yx A0 *
(AL AT =(AILAL)+(2 Re(AL) Ai<AA+(AAi8M>g we arrive at an equation for the intensity correlation:

Furthermore, it follows from Eq(A10) that (ALLALY =T 2 +2Re(TY, L)* T, L)}
0
(AI9 A1) =[TY, )2, (A13) =[5 ?=IT¢ o2 (A17)
where we have introduced the correlation function as quoted in Eq(20).
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